The 26S proteasome comprises the 19S proteasome that performs a regulatory function, and the 20S proteasome that is responsible for the enzymatic degradation of proteins. The 20S proteasome comprises a-and b-subunits that form the outer and inner rings of this complex, respectively. 1 The a-subunits form an antechamber that gives the proteasome its barrel shape and regulates the flow of substrates into the proteolytic chamber in the center of the barrel. 1 The b-subunits form the proteolytic chamber of the 20S proteasome and perform the peptidase function of the complex.
1 Bortezomib (Velcade) is an intravenous proteasome inhibitor that is approved for the treatment of multiple myeloma and mantle cell lymphoma. 2, 3 Mechanistically, Bortezomib binds the active sites of the enzymes in the b-subunits located in the proteolytic chamber of the 20S proteasome. 4 Molecules that inhibit the proteasome through a different mechanism would be useful probes to understand the activity of this enzyme complex and potentially new therapeutic agents.
5-chloro-7-iodo-quinolin-8-ol (clioquinol) (Figure 1a ) is a copper-binding halogenated 8-hydroxyquinoline that was used in the 1950s-1970s as an oral antiparasitic agent for the treatment and prevention of intestinal amebiasis, but its mechanism of action as an anti-parasitic agent was unknown. Recent studies in solid tumor cell lines have demonstrated that clioquinol, when supplemented with copper, can inhibit the proteasome, 5 but its mechanism of action has not been explored fully. Here, we investigated the effects of clioquinol on the proteasome in hematologic malignancies.
LP-1 and OCI-MY5 myeloma cell lines were treated with increasing concentrations of clioquinol, and 24 h after treatment the abundance of ubiquitinated proteins in the cells was measured by immunoblotting. At low micromolar concentrations, clioquinol increased the amount of ubiquitinated proteins, and copper supplementation of the media was not required to observe this effect (Figure 1b) . To assess the spectrum of activity of clioquinol as a proteasome inhibitor, we examined the effects of clioquinol on the activity of the chymotrypsin-like proteasomal enzyme in cell lines and primary patient samples. Leukemia, myeloma and solid tumor cell lines were treated with increasing concentration of clioquinol for 24 h. After treatment, cells were harvested and lysed, and the chymotrypsin-like activity of the proteasome was measured by monitoring the rate of cleavage of the fluorescent substrate Suc-LLVY-AMC (Figure 1c) . Clioquinol inhibited the rate of Suc-LLVY-AMC cleavage in myeloma and leukemia cell lines but not in the tested solid tumor cells. Thus, the results in leukemia and myeloma cells are different than in solid tumor lines, where, consistent with previous reports, clioquinol is ineffective without copper supplementation. 5 Given the effects of clioquinol on leukemia cell lines, we next examined the effects of clioquinol on the activity of the proteasome in primary acute myeloid leukemia (AML) cells and normal hematopoietic cells. Primary normal and malignant cells were treated with increasing concentrations of clioquinol for 24 h. After incubation, the enzymatic activity of the proteasome was measured as above. Clioquinol inhibited proteasome activity in the primary malignant AML cells preferentially over primary normal hematopoietic cells (Figure 1d ). It can be noted that clioquinol was a preferential inhibitor of proteasomal enzymes as it did not inhibit the activity of other enzymes such as catalase or luciferase (data not shown).
Clioquinol binds copper, and prior reports in solid tumor cell lines demonstrated that its inhibition of the proteasome was copper dependent. 5 Therefore, we assessed the role of copper in influencing the activity of clioquinol in leukemia and myeloma cells. Leukemia and myeloma cell lines and patient samples were incubated with increasing concentrations of clioquinol, copper and equimolar concentrations of clioquinol and copper. Cell lysates were prepared and the chymotrypsin-like activity of the proteasome was measured by monitoring the rate of cleavage of the fluorescent substrate Suc-LLVY-AMC. The addition of copper alone to intact cells did not affect the function of proteasome (Figure 2a ), most likely because it was were treated with increasing concentrations of clioquinol. Twenty hours after treatment, cells were lysed and the preferential chymotrypsin-like substrate Suc-LLVY-AMC was added. The generation of free AMC was measured over time as described earlier. 6 (d) Primary acute myeloid leukemia (AML) blasts (n ¼ 3) or normal peripheral blood stem cells (PBSCs) (n ¼ 3) were obtained from the peripheral blood of consenting patients with AML or donors of PBSC for allotransplantation, respectively. Mononuclear cells were isolated by Ficol separation and treated with increasing concentrations of clioquinol. Twenty hours after treatment, the chymotrypsin-like enzymatic activity was measured as above.
Letters to the Editor bound by intracellular copper-chelating proteins or exported from the cell. However, supplementing clioquinol with copper increased the inhibition of the proteasome above clioquinol alone ( Figure 2a ).
To further explore the effects of copper on the proteasome, we added copper, clioquinol or a combination of copper and clioquinol to extracts of leukemia and myeloma cell lysates. In cell lysates, where active mechanisms to regulate levels of free intracellular copper are no longer functional, copper directly inhibited the chymotrypsin-like activity of the proteasome. In cell lysates, clioquinol also inhibited the proteasome, although to a lesser degree than copper, but the combination of clioquinol and copper produced no greater inhibition than copper alone did (Supplementary Figure 1) .
As copper enhances clioquinol's activity as a proteasome inhibitor, we evaluated the effects of copper supplementation on clioquinol's effects on the proteasome in primary malignant and normal hematopoietic cells. Primary AML and normal hematopoietic cells were treated with increasing concentrations of clioquinol with and without an equimolar concentration of copper. Adding copper to the media enhanced the ability of clioquinol to inhibit the proteasome in both primary AML and normal hematopoietic cells. However, copper supplementation negated the differential inhibition between malignant and normal cells. Thus, our results demonstrate that clioquinol inhibits the proteasome through a copper-dependent mechanism. However, the results also suggest that supplementing clioquinol with copper may increase toxicity ( Figure 2b) .
As clioquinol alone inhibited the proteasome when added to leukemia and myeloma cell lines and extracts, it suggests that this compound may also inhibit the proteasome through a copper-independent mechanism. However, as leukemia and myeloma cells and extracts contain copper and other heavy metals, it may be that a complex of clioquinol-copper was responsible for the observed inhibition. Therefore, we tested the ability of clioquinol to inhibit the enzymatic activity of isolated Thermoplasma Acidophilium proteasome complexes in buffers devoid of copper or other heavy metals. Even in the absence of heavy metals, clioquinol continued to inhibit the proteasome, supporting a copper-independent mechanism of action at higher concentrations of the drug (Figure 3) . To further assess a copper-independent mechanism of proteasome inhibition, we evaluated the effects of a non-copper binding analog of clioquinol on the enzymatic function of the proteasome. For these studies, we evaluated the antimalarial drug chloroquine, as it shares a common quinoline structure with clioquinol but does not bind copper by spectrophotometric titration studies (Supplementary Figure 2) . Specifically, by spectrophotometric titration, clioquinol formed a 2:1 stoichiometry ligand-to-copper(II) complex with a logb 0 value of 11.53, but chloroquine did not bind copper. When added to intact cells, cell extract, or isolated proteasome from T. Acidophilium, chloroquine inhibited the chymotrypsin-like enzyme activity ( Figure 3 and data not shown) . Furthermore, consistent with a copper-independent inhibition, supplementing chloroquine with copper did not enhance its ability to inhibit the proteasome in intact cells (data not shown). Thus, these results support a copper-independent effect of clioquinol on the proteasome at higher concentrations. The mechanism by which clioquinol exerts this copper-independent effect is uncertain. However, we recently demonstrated that the structurally related molecule chloroquine binds the a-subunits of the antechamber of the 20S proteasome by NMR. 6 Consistent with binding the proteasome outside of the active site, enzymatic assays demonstrated that chloroquine inhibited the proteasome in a non-competitive manner. 6 As clioquinol and chloroquine are structurally related, clioquinol may also bind the a-subunits of the proteasome similar to chloroquine. To address this question, we attempted to investigate the binding of clioquinol to the proteasome by NMR, but the compound was not adequately water soluble to permit the NMR analysis. Although the copperindependent effects of clioquinol on the proteasome are best appreciated at higher concentrations, they still merit further study as they may represent a new mechanism to inhibit the proteasome. As such, clioquinol may be a lead to develop a molecule that binds and inhibits the a-subunits with greater potency.
The ability of clioquinol to directly inhibit the proteasome in leukemia and myeloma cells and its preferential inhibition of the proteasome in malignant cells over normal cells suggests that clioquinol could be repurposed as a novel antileukemia and myeloma agent. To support the development of clioquinol for this anticancer indication, we evaluated its effects on the viability of acute leukemia, myeloma and solid tumor cell lines as well as primary AML samples and primary normal hematopoietic cells. Cells were incubated with increasing concentrations of clioquinol. Forty-eight hours after incubation, viability was measured by the MTS assay and annexin V staining. Clioquinol induced cell death in AML and myeloma but not in solid tumor cell lines, and clioquinol preferentially induced cell death in primary AML patient samples over normal hematopoietic cells with an IC 50 o20 mM (Figure 4a-d and data not  shown) . Clioquinol-induced cell death matched its ability to inhibit the proteasome, as no cell death or proteasomal inhibition was detected in the solid tumor cell lines and the normal hematopoietic cells. Interestingly, these clioquinolresistant solid tumor cells were sensitive to bortezomib-induced cell death (data not shown), suggesting that clioquinol acts through a mechanism distinct from Bortezomib.
Next, we determined whether clioquinol-induced cell death was copper dependent. In cell lines and patient samples, supplementing copper in the medium enhanced the toxicity of clioquinol. In contrast, cell death induced by 20 mM of clioquinol was inhibited by adding the strong copper chelator tetrathiomolybdate (Supplementary Figure 3 and data not shown). We also evaluated the effects of adding copper to Clioquinol in primary AML and normal hematopoietic cells. Here, supplementing the media with copper increased the cytotoxicity of clioquinol in both the primary AML and normal cells and negated the preferential toxicity toward malignant cells (Supplementary Figure 3) . Therefore, when repurposing clioquinol as an anticancer agent, supplementing patients with copper may not be advisable.
Given the selective cytotoxicity for malignant cells in culture, we evaluated clioquinol in three leukemia mouse models. U937 and K562 human leukemia cells were implanted subcutaneously in the flanks of sublethally irradiated NOD/SCID mice. Likewise, MDAY-D2 murine leukemia cells were implanted intraperitoneally into sublethally irradiated NOD/SCID mice. After tumor implantation, mice were treated with twice daily oral clioquinol (25-50 mg/kg) or vehicle control. In all three leukemia models, oral clioquinol decreased the weight and volume of the tumor compared to mice treated with vehicle alone. Reductions in tumor growth were obtained without reductions in body weight or gross organ toxicity (Figure 4e and data not shown). Thus, clioquinol may be an effective therapy for hematologic malignancies.
Given the prior clinical experience with clioquinol as an antiparasitic and the preclinical efficacy of clioquinol as a proteasome in inhibitor in malignant cell lines and animal models, this drug could be repurposed for the treatment of leukemia and myeloma. When used in the 1950s-1970s as an Figure 3 Clioquinol and chloroquine inhibit the proteasome through a copper-independent mechanism. Proteasomes isolated from T. Acidophilum were treated with increasing concentrations of clioquinol and chloroquine. Three hours after treatment, the preferential chymotrypsin-like substrate Suc-LLVY-AMC was added and the rate of free AMC was measured over time as described in Figure 1 .
Letters to the Editor oral antiparasitic agent, the drug was routinely administered orally at doses exceeding 2 g per day over a period of weeks. Furthermore, after oral administration, serum levels of clioquinol ranged from 13-25 mM 7 and this concentration is within the range required to exert an antitumor effect in culture.
However, efforts to repurpose clioquinol must proceed with caution, as the drug was withdrawn from the market in the 1970s owing to an association with subacute myelo-optic neuropathy (SMON) in Japanese patients. In the Japanese patients with SMON, the side effects emerged after prolonged treatment, as the average cumulative dose of clioquinol in the cases was 136 g. 8 Notably, these side effects occurred almost exclusively in Japanese patients, and cases of SMON in patients outside of Japan are exceedingly rare and are essentially at the case report level. In fact, before the withdrawal of clioquinol from the market, there were 10 000 cases in Japan and only 220 cases in the rest of the world despite its use for over 500 million patient days. The explanation for the neurological side effects among the Japanese is unknown, but many of these cases may have been related to concomitant vitamin B12 deficiency. Alternatively, the neurological side effects may be related to the different formulation of clioquinol used in Japan or a genetic susceptibility to these side effects among the Japanese. Finally, it is noteworthy that neuropathy is a side effect of bortezomib. 2, 3 In summary, we have investigated clioquinol in leukemia and myeloma cell lines and patient samples. We have determined that it inhibits the proteasome and induces cell death primarily through a copper-dependent mechanism. In addition, there is a copper-independent effect that merits further investigation. As the antileukemia/myeloma effects of clioquinol appear obtainable at clinically relevant concentrations, this drug could be repurposed for the treatment of these diseases.
